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ABSTRACT
In this article, we introduce PicXAA-Web, a web-
based platform for accurate probabilistic alignment
of multiple biological sequences. The core of
PicXAA-Web consists of PicXAA, a multiple
protein/DNA sequence alignment algorithm, and
PicXAA-R, an extension of PicXAA for structural
alignment of RNA sequences. Both PicXAA and
PicXAA-R are probabilistic non-progressive align-
ment algorithms that aim to find the optimal
alignment of multiple biological sequences by
maximizing the expected accuracy. PicXAA and
PicXAA-R greedily build up the alignment from
sequence regions with high local similarity,
thereby yielding an accurate global alignment that
effectively captures local similarities among
sequences. PicXAA-Web integrates these two
algorithms in a user-friendly web platform for
accurate alignment and analysis of multiple
protein, DNA and RNA sequences. PicXAA-Web
can be freely accessed at http://gsp.tamu.edu/
picxaa/.
INTRODUCTION
Multiple sequence alignment (MSA) plays important
roles in various problems in molecular biology, such
as phylogenetic analysis, predicting the structure of
biomolecules, identiﬁcation of conserved sequence motifs
and many others (1,2). Given a set of unaligned sequences,
we can ﬁnd their best alignment by optimizing an objective
function that measures the quality of the alignment. For
example, we may ﬁnd the optimal multiple sequence
alignment by maximizing the so-called sum-of-pairs (SP)
score through dynamic programming (3,4). However,
this optimization problem is NP-complete (5) and
thus intractable as the number of sequences increases.
The same holds true for structural alignment of non-
coding RNA (ncRNA) sequences, where we need to
consider the structural similarity across sequences, in
addition to their sequence similarity, to obtain an
accurate sequence alignment that is biologically
meaningful (6).
A widely adopted solution for reducing the overall
computational complexity is the progressive align-
ment scheme (7), which tries to construct the multiple
sequence alignment in a progressive manner by
repetitively performing pairwise alignments according
to a guide tree. Many popular MSA algorithms, such as
CLUSTALW (8), T-Coffee (9), ProbCons (10), ProbAlign
(11), MUSCLE (12), MAFFT (13), MUMMALS (14),
and MSAProbs 0.9.4 (15), as well as many RNA
structural alignment algorithms, such as Murlet (16),
RAF (17), STRAL (18), LocARNA (19), CentroidAlign
(20), PMcomp (21), MXSCARNA (22), R-Coffee (23),
LARA (24) and MAFFT-xinsi (25) adopt this progressive
approach to construct MSAs.
Although the progressive alignment approach is com-
putationally efﬁcient, it tends to propagate early stage
alignment errors throughout the alignment process,
which may signiﬁcantly degrade the quality of the ﬁnal
alignment. To address this problem, a number of non-
progressive alignment algorithms have been also
proposed, where examples include DIALIGN (26),
AMAP (27), FSA (28), RNASampler (29), MASTER
(30), Stemloc-AMA (31), PicXAA (32) and PicXAA-R
(33).
In this article, we introduce PicXAA-Web, a user-
friendly web server developed based on PicXAA, a
recently proposed MSA algorithm (32) and PicXAA-R
(33), an extension of PicXAA for structural alignment
of RNA sequences. PicXAA is a probabilistic non-
progressive alignment algorithm that ﬁnds protein (or
DNA) MSAs with maximum expected accuracy.
PicXAA greedily builds up the alignment from sequence
regions with high local similarity, thereby yielding an
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local similarities among sequences. PicXAA-R is an
extension of PicXAA, which tries to ﬁnd an accurate
structural alignment of non-coding RNAs (ncRNAs)
through a greedy approach. PicXAA-R efﬁciently con-
structs an accurate multiple RNA alignment by using
both the folding information in each RNA sequence and
the local similarities between different RNA sequences.
PicXAA-R is one of the fastest algorithms for structural
alignment of multiple RNAs, and it consistently yields
accurate alignment results. As shown in refs (32,33)
through extensive experiments on several widely used
benchmark sets, both PicXAA and PicXAA-R
outperform many state-of-the art MSA algorithms, in
terms of accuracy and efﬁciency. PicXAA and PicXAA-
R are especially effective for aligning sequences that have
high local similarities but relatively low overall
similarities. Both algorithms (especially, PicXAA-R)
scale very well as the number of sequences grows, which
makes them suitable for analyzing large datasets.
PicXAA
The main goal of PicXAA is to ﬁnd the MSA that
maximizes the expected number of correctly aligned
residue pairs. To this aim, it ﬁrst computes the posterior
pairwise alignment probability Pa(xi yjWx,y) between
residues xi2x and yj2y for all sequence pairs (x,y)
in the input sequence set. PicXAA then applies an
improved probabilistic consistency transformation that
incorporates the information from other homologous
sequences in the set to improve the estimated posterior
pairwise alignment probability. Next, it sorts the
pairwise residue alignments according to their alignment
probability into an ordered set A. Using an efﬁcient
graph-based technique, PicXAA greedily builds up the
alignment by inserting the most probable residue
alignment (xi,yj)2A into the MSA, provided that it
satisﬁes certain consistency conditions. After obtaining
the initial alignment, PicXAA goes through a reﬁnement
step to improve the alignment quality in sequence regions
with low alignment probability.
Table 1 shows the performance of PicXAA on three
well-known benchmark datasets: BAliBASE 3.0 (34),
IRMBASE 2.0 (26) and SABmark 1.65 (35). In this
table, the alignment accuracy is reported based on two
different criteria: the SP score, which is the percentage
of the correctly aligned residue pairs, and the column
score (CS), which is the percentage of the correct
columns in the alignment. For comparison, Table 1
also shows the performance of several state-of-the-art
MSA algorithms, including ProbAlign 1.1 (10),
ProbCons 1.12 (10), MUMMALS 1.01 (14), MAFFT
6.708 (13) with two different options (‘-linsi’ and
‘-einsi’), MSAProbs 0.9.4 (15) and CLUSTALW 2.0.10
(8). We report the performance of PicXAA for using
three different types of methods for computing the
posterior alignment probabilities: (i) partition function
(PF), (ii) pair-HMM (PHMM) and (iii) structural pair-
HMM (SPHMM). Further details of these methods can
be found in ref. (32).
As shown in Table 1, and discussed in ref. (32) in more
details, PicXAA consistently yields accurate alignment
results on various benchmark datasets with different
characteristics. Especially, the advantage of PicXAA
stands out more clearly on datasets that consist of
sequences with only local similarities, as many progressive
methods fail to capture these similarities faithfully.
PicXAA-R
PicXAA-R extends the ideas in PicXAA to the structural
alignment of multiple RNA sequences (33). In addition to
the pairwise alignment probability Pa(xi   yj Wx, y) between
residues in different sequences, PicXAA-R also incor-
porates the base-pairing probability Pb(xi xjWx)
between bases xi and xj in the same sequence x.
PicXAA-R employs several probabilistic consistency
transformations to obtain improved base pairing and
base alignment probabilities by considering both
sequence and structural similarities among sequences.
Table 1. Performance evaluation of PicXAA based on BAliBASE 3.0, IRMBASE 2.0 and SABmark 1.65
Method BAliBASE IRMBASE SABmark
3.0 2.0 1.65
Twilight Superfamily
SP/CS SP/CS fD/fM fD/fM
PicXAA-PF 87.86/59.32 89/50.08 16.75/15.37 49.66/41.41
PicXAA-PHMM 86.55/56.28 90.76/54.48 17.12/14.65 50.37/41.13
PicXAA-SPHMM 86.67/56.14 72.75/33.02 20.99/17.12 53.53/42.77
ProbAlign 87.61/58.82 81.68/36.69 15.86/13.05 48.66/39.82
ProbCons 86.42/56.01 85.3/42.51 16.64/13.55 48.56/39.51
MUMMALS 85.53/53.85 68.44/24.62 19.99/18.23 52.09/42.74
MAFFT-linsi 87.22/59.28 89.44/46.02 17.42/13.16 50.47/40.01
MAFFT-einsi 87.05/58.95 91.77/48.21 17.77/13.07 49.94/39.23
MSAProbs 87.78/60.67 83.31/38.48 17.41/13.67 50.51/40.75
ClustalW 75.37/38.01 26.34/2.44 12.87/8.72 38.62/30.27
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alignment process. In the ﬁrst step, PicXAA-R constructs
the structural skeleton of the alignment by greedily adding
the most probable alignment between base pairs with high
base-pairing probabilities. In the next step, PicXAA-R
updates the obtained skeleton by successively adding the
most probable base alignments. As in PicXAA, the initial
MSA obtained from the greedy construction process is
further reﬁned to improve the alignment quality in low
similarity regions.
Figure 1 compares the performance of PicXAA-R with
several well-known RNA sequence alignment algorithms,
such as MAFFT-xinsi 6.717 (25), MXSCARNA 2.1 (22),
CentroidAlign (20) and ProbConsRNA 1.10 (10). Figure 1
shows the alignment accuracy of the compared algorithms
in terms of the SPS score (solid lines) as well as the
computational complexity in terms of the CPU time
(dashed lines) based on BraliSub and LocExtR datasets
(36). The accuracy (and the complexity) of each algorithm
is shown as a function of the number of sequences in the
alignment, in order to show its scalability. As shown in
this ﬁgure, and also discussed in more details in ref. (33),
PicXAA-R is one of the fastest RNA structural alignment
algorithms, which consistently yields highly accurate
structural alignment of multiple RNAs, especially for
datasets that consist of RNA sequences with high local
similarity but low percentage identity.
PicXAA WEB SERVER
PicXAA-Web provides an interactive web-based platform
for aligning multiple biological sequences using PicXAA
or PicXAA-R. PicXAA can be used for aligning a set of
protein (or DNA) sequences and PicXAA-R can be used
for structural alignment of RNAs. The user can specify
which algorithm to use. The unaligned input sequences
(in FASTA format) can be entered either directly
through the input window or by uploading a sequence
ﬁle. Two example inputs are provided by the server,
which can be easily loaded into the input window to
quickly try out the alignment algorithms.
Options and parameter setting
PicXAA-Web allows the user to choose different options
and parameters for PicXAA and PicXAA-R. One can also
simply use the default parameters.
Options for PicXAA. PicXAA has three options for
computing the posterior pairwise residue alignment
probabilities Pa(xi, yjWx, y) using one of the following
schemes: (i) partition function (PF) (11), (ii) pair-HMM
(PHMM) (10) and (iii) structural pair-HMM (SPHMM)
(14). The default option is PF. SPHMM can only be used
for protein sequences, while PF and PHMM can be used
for both protein and nucleotide sequences. The respective
advantages and disadvantages of these methods have been
discussed in ref. (32). SPHMM is nearly three times more
complex than the two other methods, but it usually yields
more accurate alignment results when aligning structurally
similar proteins. Typically, PF outperforms PHMM for
most datasets, while PHMM yields better alignment
results for locally similar sequences.
Options for PicXAA-R. For structural alignment of
ncRNA, PicXAA-R should be used. The user can
Figure 2. Sample output pages for (A) PicXAA and (B) PicXAA-R.
Figure 1. Performance evaluation of PicXAA-R and several other
algorithms based on BraliSub and LocExtR data sets. The SPS score
is shown in solid lines and the CPU time is shown in dashed lines.
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algorithm (33):
(1) Parameter for intra-sequence consistency
transformation: the parameter a takes a value
between 0 and 1 (default value is a=0.4). a=0
makes the algorithm to ignore the originally
estimated base-pairing probabilities and simply use
the transformed probabilities, while a=1 makes
the algorithm to use the original probabilities and
not employ the transformed probabilities.
Otherwise, the original and transformed probabilities
will be linearly combined.
(2) Parameter for four-way consistency transformation:
the parameter b also takes a value between 0 and 1
(default value is b=0.1). b=0 results in simply
using the transformed probabilities, while b=1
results in using the original probabilities. Otherwise,
the original and transformed probabilities will be
linearly combined.
(3) Threshold for identifying reliable basepairs: the para-
meter Tb speciﬁes the minimum base-pairing
probability of the base pairs that should be
considered during the structural skeleton
construction step [see (33) for details]. Tb should be
between 0 and 1, and its default value is set to
Tb=0.5. In general, smaller Tb will result in a
larger structural skeleton.
Output
The output can be generated either in CLUSTALW or in
MFA (multiple FASTA) format. Upon submitting a
sequence set, a Job ID will be assigned and a progress
window will be launched with a link to the result page
and additional information about the job being per-
formed. The page will reload every 5s until the output is
ready. Once the MSA is ready, the alignment result will
automatically appear on the web browser. An email
notiﬁcation containing a link to the ﬁnal result will be
sent, if the user has provided an email address. A link to
a downloadable output ﬁle is also provided in the result
page. Sample output pages are shown in Figure 2.
The web server includes a help page that contains com-
prehensive and easy-to-follow guidelines for using
PicXAA-Web. The links to the freely downloadable
C++ source code for PicXAA and PicXAA-R are also
provided.
CONCLUSIONS
In this article, we introduced PicXAA-Web, a web-based
tool for aligning multiple biological sequences, developed
based on two recently proposed algorithms: PicXAA and
PicXAA-R. PicXAA provides a user-friendly web-
platform for accurate alignment and analysis of protein,
DNA and RNA sequences, and it can serve as a useful
resource for the molecular biology research community.
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